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Initiation of protein synthesis in eukaryotes requires recruitment of the ribosome to the mRNA and its
translocation to the start codon. There are at least two distinct mechanisms by which this process can be
achieved; the ribosome can be recruited either to the cap structure at the 5 end of the message or to an internal
ribosome entry segment (IRES), a complex RNA structural element located in the 5 untranslated region
(5-UTR) of the mRNA. However, it is not well understood how cellular IRESs function to recruit the ribosome
or how the 40S ribosomal subunits translocate from the initial recruitment site on the mRNA to the AUG
initiation codon. We have investigated the canonical factors that are required by the IRESs found in the
5-UTRs of c-, L-, and N-myc, using specific inhibitors and a tissue culture-based assay system, and have shown
that they differ considerably in their requirements. The L-myc IRES requires the eIF4F complex and the
association of PABP and eIF3 with eIF4G for activity. The minimum requirements of the N- and c-myc IRESs
are the C-terminal domain of eIF4G to which eIF4A is bound and eIF3, although interestingly this protein does
not appear to be recruited to the IRES RNA via eIF4G. Finally, our data show that all three IRESs require a
ternary complex, although in contrast to c- and L-myc IRESs, the N-myc IRES has a lesser requirement for a
ternary complex.
The proteins encoded by the Myc family of genes are basic
helix-loop-helix leucine zipper proteins that function as tran-
scription factors and interact with another basic helix-loop-
helix leucine zipper protein known as Max (3). Myc-Max het-
erodimers bind to DNA sequences called E boxes (CANNTG)
and thereby facilitate activation of gene expression (3). All
members of this family of genes contain three exons and two
introns, and the main initiation codon is located toward the 5
end of exon 2 such that exon 1 forms the majority of the 5
untranslated region. We and others have shown previously that
members of the Myc gene family contain a complex RNA
structural element within exon 1 termed an internal ribosome
entry segment (IRES), which allows the mRNAs to be trans-
lated by cap-independent internal ribosome entry (17, 18, 31,
43). IRESs were first identified in picornaviruses (2), but it has
been shown that many cellular mRNAs also use these elements
to initiate translation (39). Indeed, microarray studies have
suggested that up to 10% of all cellular mRNAs contain IRESs
(6, 15, 35, 39). In general, cellular IRESs are used during
situations when the cap-dependent scanning mechanism of
translation initiation is compromised (39).
The majority of viral IRESs require both canonical initiation
factors (eukaryotic initiation factors [eIFs]) (eIF4F is com-
prised of eIF4G [the scaffold protein], eIF4E [the cap binding
protein], and eIF4A [a DEAD box helicase]; eIF3, which also
binds to eIF4G, is required for ribosome recruitment) and
specific trans-acting factors for function, although each IRES
has distinct requirements. For example, hepatitis A virus IRES
function requires the association of eIF4G with eIF4E (1). In
contrast, the cricket paralysis virus IRES can directly assemble
80S ribosomes in the absence of canonical initiation factors
and initiator tRNA by directly recruiting the 40S ribosomal
subunit (38).
The precise canonical and trans-acting factor requirements
for the majority of cellular IRESs are unknown, although we
have identified a set of proteins required specifically by the
Myc family of IRESs, including YB-1, PSF, p54nrb, PTB-1,
and GRSF (7). However, the canonical eIFs that are required
by cellular IRESs have yet to be defined, although previous
studies suggest that c-myc IRES function does not need full-
length eIF4GI or poly(A) binding protein (PABP) (42, 45, 46).
Here we show that the IRESs found in c-, L-, and N-myc
mRNAs differ in their canonical eIF requirements. The L-myc
IRES requires the eIF4F complex, and the interaction of both
PABP and eIF3 with eIF4G is necessary for IRES activity. In
contrast, the c- and N-myc IRESs can function with only the
C-terminal domain of eIF4GI plus eIF4A and eIF3, although
eIF3 does not interact with the IRESs via eIF4G. Interestingly,
the data suggest that the N-myc IRES is less dependent than
the c- or L-myc IRES on the level of ternary complex that is
* Corresponding author. Mailing address: School of Pharmacy, Univer-
sity of Nottingham, University Park, Nottingham NG7 2RD, United King-
dom. Phone: 44 1158467095. Fax: 44 1158468877. E-mail: anne.willis
@nottingham.ac.uk.
† Supplemental material for this article may be found at http://mcb
.asm.org/.
‡ K.A.S. and L.C.C. contributed jointly to this project.
 Published ahead of print on 5 January 2009.
1565
 o
n
 June 19, 2014 by guest
http://m
cb.asm
.org/
D
ow
nloaded from
 
required to bring the initiator methionine into the P site of the
ribosome.
MATERIALS AND METHODS
Plasmid constructs. Plasmids used for this study were described previously (8).
The hairpin-containing vectors used for eIF3 knockdown were Mission short
hairpin RNAs (Sigma-Aldrich). The control was a nontarget Mission control
plasmid (Sigma-Aldrich).
Chemical structure probing. The chemical structure probing protocol used
was adapted from a previously described method (41), modified as described
previously (23) and described in detail in a previous study (29).
Primer extension. The procedure for primer extension was adapted from a
previously described method (41) and was described in detail by Mitchell et al.
(29).
Secondary structure prediction. Secondary structure predictions were gener-
ated using the online implementation of the Mfold algorithm (48), incorporating
version 3.0 of the Turner rules (26).
Cell culture. HeLa cells were cultured under the conditions described by the
ATCC (www.atcc.org). All cell transfections were performed in triplicate. HeLa
cells were transfected using FuGene 6 (Roche) following the supplier’s instruc-
tions.
Cells were transfected with the knockdown plasmid pSilencer31 (si31) or the
control plasmid pSilencer 31 M, with or without the 4GIf expression plasmid, and
with reporter plasmids for 24 h before harvest of the cells. Cells were cotrans-
fected with pcDNA EGFP-NSP3 or pcDNA EGFP-NSPdelta4G (34) and the
reporter plasmids for 24 h. The activities of firefly and Renilla luciferases in
lysates prepared from transfected cells were measured using a dual-luciferase
reporter assay system (Promega), and light emission was measured for 10 s in an
Optocomp I luminometer. Cotransfection with the RNA interference (RNAi)-
based plasmids to reduce eIF4GI levels reduced the levels of both firefly lucif-
erase and Renilla luciferase. Therefore, it was not possible to normalize firefly
luciferase expression to Renilla luciferase expression, since both of these proteins
have similar half-lives of around 4 h. However, the transfection control -galac-
tosidase, expressed from pcDNA3.1His/BLacZ, has a much longer half-life in
HeLa cells (around 40 h), and we found that its levels were relatively unaffected
by the knockdown. The levels of firefly luciferase were therefore expressed
relative to this transfection control. All assays were performed in triplicate on at
least three independent occasions. Errors were calculated as standard deviations
for the three calculated IRES activities and expressed as percentages of the
average activity relative to the level in the control, which was set at 100%. In
addition, firefly and Renilla luciferase activities were also expressed relative to
the levels of RNA. These were determined by performing real-time PCR using
a Stratagene MX3005P QPCR system. RNA was isolated from each transfection
mix, and 5% of the RNA was reverse transcribed using C.therm polymerase
(Roche) and analyzed using a QuantiTech SYBR green PCR kit following the
manufacturer’s instructions (Qiagen). Renilla luciferase cDNA was amplified
using the primers 5-GGAATTATAATGCTTATCTACGTGC-3 and 5-CTTG
CGAAAAATGAAGACCTTTTAC-3. Firefly luciferase cDNA was amplified
using the primers 5-CTCACTGAGACTACATCAGC-3 and 5-TCCAGATC
CACAACCTTCGC-3. Actin cDNA was amplified using the primers 5-GGCA
TGGGTCAGAAGGATT-3 and 5-GGGGTGTTGAAGGTCTCAAA-3.
Real-time data were analyzed by relative quantification using the
2CT method as described by Livak and Schmittgen (24a).
To examine the requirement for the ternary complex, cells were treated with
75 M Salubrinal for 24 h. Alternatively, cells were cotransfected with plasmid
construct pcDNA3.1eIF2S51D or -A.
Hippuristanol was prepared as described by Shen et al. (36) and dissolved in
dimethyl sulfoxide (DMSO) as a 10 mM stock. Cells were treated with hip-
puristanol for 6 h posttransfection and then harvested.
SDS-polyacrylamide gel electrophoresis and Western blotting. Cell extracts
were prepared as described previously (30) and subjected to electrophoresis on
sodium dodecyl sulfate (SDS)-polyacrylamide gels, and the proteins were then
transferred to a polyvinylidene difluoride membrane (Millipore). Proteins were
detected with the relevant antisera, using chemiluminescent reagents (47). Total
cell extracts were prepared as described previously (47), and proteins were
detected using antisera to eIF2, phospho-eIF2, actin, c-Myc, and eIF4GI.
RESULTS
The Myc family of IRESs requires eIF4G and PABP for
activity in vivo. Previous studies have shown that c-myc IRES-
mediated translation in vitro and in vivo is dependent upon the
C-terminal domain of eIF4G for activity (42, 45, 46) and that
in vitro IRES activity is independent of PABP binding (45, 46).
A plasmid-based RNAi approach (si31) was used to reduce
eIF4GI levels in conjunction with a plasmid that generates an
mRNA encoding eIF4GI that is resistant to the effects of
RNAi as a consequence of a number of silent point mutations
(4GIf) or with variants of this plasmid in which the binding
sites for PABP, eIF4E, eIF3, and eIF4A were mutated (9, 12)
(Fig. 1). This system was tested using two viral IRESs for which
the canonical trans-acting factor requirements were described
previously (20, 22, 25). Cells were transfected with the plasmids
shown and then transfected with pREMCVF or pRHCVF, and
luciferase activity was determined. As expected, the encepha-
lomyocarditis virus (EMCV) IRES was affected by a reduction
in eIF4GI and by replacement with the plasmid which had
mutations in the eIF4A binding site yet was unaffected and
indeed slightly stimulated by replacement plasmids with a mu-
tated eIF4E or PABP binding site (Fig. 1A, panel i). In con-
trast, the hepatitis C virus (HCV) IRES was unaffected by the
eIF4G knockdown (Fig. 1A, panel ii). These plasmids were
then used to test the roles of eIF4G and PABP in N- and L-myc
IRES-mediated translation in vivo (Fig. 2). Transfection of
HeLa cells with si31 reduced eIF4GI levels to approximately
15% of the control level, while cotransfection with the RNAi-
resistant vector 4GIf or 4GIf-PABP increased the level of
eIF4GI to 120% of the control value (Fig. 2A, panel i). HeLa
cells were cotransfected with si31 and the dicistronic reporter
vector pRLsF, pRMF, or pRNF, cells were harvested and
lysed, and luciferase activity was determined (Fig. 2A, panel ii,
and B, panels i to iii; see Fig. S1 in the supplemental material).
There was a decrease in IRES-dependent initiation in cells
with reduced levels of eIF4GI that was comparable to the
reduction in overall cellular translation rates that was previ-
ously observed in HeLa cells (9, 12). The IRES-dependent
translation was restored by cotransfection with wild-type
eIF4G, suggesting that this family of IRESs are highly depen-
dent on eIF4G for activity in vivo. One of the strategies used by
certain viruses to inhibit the majority of host-mediated protein
synthesis is to cleave the scaffold protein eIF4GI such that the
eIF4E binding site is removed (14). Previous data suggested
that the c-myc IRES is active following viral infection (16) and
functions with only the C-terminal region of eIF4G (42, 45). To
test whether this was also true for the L- and N-myc IRESs, the
level of eIF4GI was reduced by RNAi and the cells were then
transfected with an RNAi-resistant plasmid encoding the C-
terminal domain of eIF4GI (CT), which arises following cleav-
age with the poliovirus 2A protease (32), in conjunction with
either pRLsF, pRMF, or pRNF (Fig. 2A and B, panels i to iii).
The data show that the IRES activity of c- and N-myc but not
of L-myc was restored by CT (Fig. 2B, panels i to iii).
The c-myc IRES does not require PABP for function in vitro
(45, 46). However, our data show that full IRES activity was
not restored to the L-, N-, or c-myc IRES when the eIF4GI
mutant plasmid that lacks the PABP binding site was intro-
duced following eIF4GI depletion (Fig. 2B, panels i to iii).
These data were also confirmed using monocistronic vectors
(Fig. 2B, panels iv to vi). To investigate these data further,
HeLa cells were cotransfected with a plasmid that encodes the
rotavirus nonstructural protein 3 (NSP3) (a rotaviral func-
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tional homolog of PABP; as a control, a mutated version of this
plasmid, NSP3del, was used), which has previously been shown
to inhibit cap-dependent translation by competing with PABP
for eIF4G binding (34), and the IRES-containing vectors. The
data show that in the presence of functional NSP3 there is a
large reduction in the activity of all three IRESs, providing
further evidence that PABP is required for function (Fig. 2B,
panel vii).
The effect of reduction of the eIF4GI level on the endoge-
nous c-Myc protein was investigated (Fig. 2C). The data show
that c-Myc expression is reduced in cells which lack eIF4GI
and that the levels are not fully restored by cotransfection with
the eIF4G plasmid in which the PABP binding site has been
mutated (Fig. 2C, panel i), thereby confirming the data ob-
tained using the reporter vectors. Cotransfection with the CT
fragment of eIF4GI increased the c-Myc levels, but these were
again lower than those in the control cells (Fig. 2C, panel ii),
probably reflecting the fact that c-Myc protein can be synthe-
sized by both cap-dependent scanning, which requires full-
length eIF4G, and internal ribosome entry (44).
The c- and N-myc IRESs are dependent on eIF4A but not
eIF4E for activity. Studies of IRESs derived from picornavi-
ruses show that the mechanisms that are used for internal
ribosome entry vary between different groups of viruses. For
example, certain viral IRESs have been defined as “land and
start” IRESs, as the ribosome appears to land at or near the
start codon, while others have been proposed to use a “land
and scan” mechanism (2). In this case, the data strongly sug-
gest that ribosomes land at an upstream AUG codon and then
scan to the next AUG downstream, where translation is initi-
ated (13). This difference in mechanism is likely to be reflected
in the dependence of IRESs on certain canonical initiation
factors, and one would predict that “land and scan” IRESs
have a greater requirement for eIF4A. Little is known about
how the ribosome interacts with cellular IRESs, although the
data suggest that these can also be classified partially as “land
and scan” and “land and start” IRESs, with the c-myc, L-myc, and
Apaf-1 IRESs being in the former category (17, 23, 27) and the
c-myb and Mnt IRESs (28) complying with the latter descrip-
tion. It was important to define the structure of the N-myc
IRES (see Fig. S2 in the supplemental material) and to deter-
mine whether this IRES also falls mechanistically within the
“land and scan” group of IRESs (Fig. 3). This was carried out
by introducing AUG initiation codons at various positions
throughout the sequence, using site-directed mutagenesis (Fig.
3A). A naturally occurring AUG codon is present in the N-myc
FIG. 1. (i) Schematic representation of constructs generated as described previously (9) to replace wild-type eIF4G with either a form that was
resistant to knockdown by siRNA (eIf4GIf) or versions of eIF4G where the PABP (eIF4GIf-PABP), eIF4E (eIF4GIf-4E), eIF4A (eIF4GIf-4A),
or eIF3 (eIF4GIf-eIF3) binding site was mutated (12). Ct, the fragment of eIF4GI generated in cells infected with poliovirus. (ii) HeLa cells were
cotransfected with si31 (eIF4G knockdown plasmid), either the resistant plasmid 4GIf or a resistant plasmid which harbored mutations in the
PABP, eIF4A, eIF3, or eIF4E binding site, and a dicistronic plasmid harboring either the EMCV or HCV IRES. Firefly and Renilla luciferase
assays were performed, and the data are expressed relative to those for RNAs generated from the relevant vectors (see Materials and Methods).
All assays were performed in triplicate on at least three independent occasions. Relative luciferase activity is expressed relative to those in control
cells, which are set at 100%. The numbers of light units generated by these assays were between 1  105 and 2  106.
VOL. 29, 2009 eIF REQUIREMENTS OF Myc IRESs 1567
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FIG. 2. (A) (i) HeLa cells were transfected with si31, which reduces eIF4G levels, and optionally with an eIF4G-containing plasmid which is resistant
to si31 (4GIf) or with 4GIf containing a mutated PABP binding site (Fig. 1). Western blot analysis showed that eIF4G levels decreased upon si31
transfection and increased with si31 and 4GIf transfection. Cells were also transfected with si31 and a plasmid which encodes the C-terminal domain of
eIF4G (CT), and Western blot analysis was used to demonstrate expression of this protein. (ii) Schematic analysis of the bicistronic construct used (pRF).
The L-, N-, and c-myc IRESs were inserted between the Renilla and firefly luciferase cistrons to create pRLsF, pRNF, and pRMF, respectively. (B) HeLa
cells were cotransfected with si31 (eIF4G knockdown plasmid), either the resistant plasmid (4GIf), the C-terminal fragment of eIF4G (CT), or the
resistant plasmid harboring a mutation in the PABP binding site (Fig. 1), and either the L-myc (i), N-myc (ii), or c-myc (iii) IRES. Firefly and Renilla
luciferase assays were performed, and the data are expressed relative to those for RNAs generated from the relevant vectors (see Materials and Methods).
All assays were performed in triplicate on at least three independent occasions. Firefly luciferase activity (gray bars) and Renilla luciferase activity (black
bars) were expressed relative to those in the control cells, which were set to 100%. The numbers of light units generated by these assays were between
1  105 and 2  106. These data show that all three IRESs are dependent on eIF4GI for function, but the N- and c-myc IRESs are able to operate with
the C-terminal domain of eIF4GI. All three IRESs appear to require PABP for maximal activity, although there is partial restoration of N- and c-myc
IRES activity with plasmid 4GIf containing a mutated PABP binding site. (iv to vi) Cells were additionally transfected with monocistronic hairpin vectors
(8) which contained the three IRESs. These vectors were transfected into HeLa cells in conjunction with si31 (eIF4G knockdown plasmid) and either
the resistant plasmid (4GIf) or the resistant plasmid harboring a mutation in the PABP binding site. Luciferase assays were performed, and the data show
that all three IRESs require PABP for activity. (vii) HeLa cells were cotransfected with the three IRES-containing plasmids and either a plasmid which
expresses the NSP3 protein or a mutant version where the eIF4G binding site is deleted (34). Luciferase activity was determined and normalized to the
level of the RNA control. The data show that all three IRESs are inhibited by the presence of the wild-type NSP3 protein but not by the mutated version.
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IRES (position 24), but this does not appear to be recog-
nized, since mutation of this sequence had no net effect (Fig.
3B). If the ribosome entry window lies upstream of the inserted
AUG, polypeptide synthesis will initiate at the upstream open
reading frame, resulting in a concomitant decrease in firefly
luciferase expression, but if the point of ribosome entry lies
between the upstream AUG and the reporter gene initiation
codon, there will be no change in firefly luciferase synthesis.
HeLa cells were transfected with these constructs, and lucifer-
ase activity was determined (Fig. 3B). The data show that the
N-myc IRES uses a “land and scan” mechanism to initiate
translation, although it was difficult to define the ribosome
entry window precisely. However, it can be stated with a degree
of certainty that it is between positions 232 and 173 within
a pyrimidine-rich region (Fig. 3C). Control UUG mutations
introduced into the sequence at the 16 and 56 positions did
not reduce the synthesis of firefly luciferase, suggesting that the
Black bars denote Renilla luciferase activity, and gray bars denote firefly luciferase activity. (C) (i) To determine the effect of transfection with the
si31 eIF4G knockdown and mutated recovery plasmids described for panel A on the expression of endogenous c-Myc, transfected cell samples were
lysed and subjected to SDS-polyacrylamide gel electrophoresis, and Western blot analysis was performed. The data show that c-Myc levels were
reduced to approximately 10% of the control values in the presence of si31 and were restored to slightly above wild-type levels following
cotransfection with 4GIf. In comparison, c-Myc levels were slightly reduced following transfection with the plasmid containing the mutated version
of PABP. The c-Myc protein levels were restored, but not to fully wild-type levels, in the presence of the C-terminal fragment of eIF4G (CT)
(ii) (32).
FIG. 3. (A) To determine whether the N-myc IRES was similar to the L- and c-myc IRESs and used a “land and scan” mechanism, site-directed
mutagenesis was used to insert out-of-frame AUG codons into the IRESs within the vector pRNF. The position of each mutated sequence is
numbered from the A of ATGG or the U of UUGG. (B) The resulting constructs were transfected into HeLa cells in conjunction with
pcDNA3.1/HisB/lacZ. The data are presented as percentages of firefly luciferase activity compared to the activity from the wild-type IRES. (C) The
location of the ribosome entry site is shown on a secondary structure model of the N-myc IRES (see Fig. S2 in the supplemental material). It was
difficult to define the ribosome entry window precisely, although it can be stated with a degree of certainty that it lies between positions 232 and
173 within a pyrimidine-rich region.
VOL. 29, 2009 eIF REQUIREMENTS OF Myc IRESs 1569
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inhibition observed with the AUG mutations was not due to a
change in RNA structure.
Tests were performed to examine whether ribosomes scan-
ning on the Myc family of IRESs require eIF4A. Cells were
transfected with the plasmid constructs pRLsF, pRMF, and
pRNF and were treated with hippuristanol, a specific and po-
tent inhibitor of eIF4A (4). In cells treated with 10 M hip-
puristanol for 6 h, overall protein synthesis was inhibited ap-
proximately 60% (Fig. 4A, panel i). The c-, L-, and N-myc
IRES-driven firefly luciferase activity was also inhibited in all
cases (Fig. 4A, panel ii), and these IRESs are similar in this
regard to certain viral IRESs (4). In the case of the c-myc
IRES, these data are in agreement with previous studies (45,
FIG. 4. (A) (i) To test the effect of hippuristanol on cellular translation, cells were incubated with 1 mM hippuristanol for 6 h and then pulse
labeled with [35S]methionine. The data show a 60% reduction in total protein synthesis after this period. (ii) The IRES-containing constructs were
transfected into HeLa cells, and after 24 h, either hippuristanol or DMSO was added to the medium. After 6 h, luciferase activity was determined,
and the values are expressed relative to those for the DMSO-treated control. In all cases, IRES activity was reduced in the presence of
hippuristanol. (iii) To determine the effect of hippuristanol on the expression of endogenous c-Myc, Western blot analysis was performed. The level
of c-Myc protein was reduced to approximately 20% following exposure of cells to hippuristanol. (B) HeLa cells were transfected with si31
(eIF4G) and with either the eIF4GI-containing plasmid which is resistant to si31 (4GIf) or 4GIf containing a mutated eIF4A binding site.
Western blot analysis shows that eIF4GI levels decreased upon si31 transfection and increased with 4GIf transfection. Cell lysates were then
immunoblotted to determine the effect of mutant eIF4G(4A) expression on the levels of endogenous c-Myc protein. The data show that these
levels were reduced. (C) HeLa cells were cotransfected with si31 (eIF4G) and either the resistant plasmid (4GIf) or the resistant plasmid
harboring a mutation in the eIF4A or eIF4E binding site (see Fig. S1 in the supplemental material) and then transfected with either the L-myc
(i), N-myc (ii), or c-myc (iii) IRES. Luciferase assays were performed, and the data are expressed relative to those for RNAs generated from these
vectors. Luciferase activity in the control cells was set to 100%, and all numbers are expressed relative to the control cells. Black bars denote Renilla
luciferase activity, and gray bars denote firefly luciferase activity. All assays were performed in triplicate on at least three independent occasions.
The data show that all three IRESs require eIF4A bound to eIF4G for activity and that the L-myc IRES, but not the N- and c-myc IRESs, requires
eIF4E. (D) (i) HeLa cells were transfected with a plasmid which contained a short hairpin sequence (si-eIF4E) against eIF4E or a control
sequence. Western blot analysis shows that it was possible to reduce the levels of eIF4E to approximately 15% of the value in the control cells.
(ii) HeLa cells were transfected with the si-eIF4E plasmid and then with the IRES-containing vectors shown. Luciferase activity was determined,
and values are expressed relative to those for RNAs derived from the vectors. The value in the control cells was set at 100%, and changes in activity
are expressed relative to the controls. Black bars denote Renilla luciferase activity, and gray bars denote firefly luciferase activity.
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46). The effect of eIF4A inhibition on endogenous c-Myc levels
was also tested (Fig. 4A, panel iii).
It has been shown that the EMCV IRES requires the C-
terminal domain of eIF4GI to which eIF4A is bound for ac-
tivity (25, 33) and that eIF4GI recruits eIF4A to a defined
location on the IRES (20). To determine whether the eIF4A-
eIF4G interaction was also required for Myc family IRES
activity, cells were depleted of eIF4GI as described above and
transfected with a recovery plasmid in which the eIF4A binding
site on eIF4G was mutated and with the dicistronic IRES-
containing constructs (4GIf-4A) (Fig. 1 and 4B). These data
show that the mutant protein was unable to restore activity to
any of the IRESs, demonstrating that the eIF4GI-eIF4A in-
teraction is required for IRES function (Fig. 4C, panels i to iii).
In addition, the level of c-Myc protein was reduced following
transfection of cells with these constructs (Fig. 4B). The ma-
jority of viral IRESs do not require eIF4E for function, and it
has generally been assumed that this would also be true for
cellular IRESs. Therefore, the levels of endogenous eIF4GI
were reduced as described before and then replaced with a
mutant version of eIF4GI that lacks the eIF4E binding site
(4GIf-4E). The mutant version of the plasmid was able to fully
restore IRES function for the c- and N-myc IRESs (Fig. 4C,
panels ii and iii) but, interestingly, not for the L-myc IRES
(Fig. 4C, panel i). To confirm these data, the levels of eIF4E
were reduced by small interfering RNA (siRNA) (Fig. 4D,
panel i), and cells were then transfected with the IRES-con-
taining plasmids (Fig. 4D, panel ii). The data again showed
that only the L-myc IRES was affected by the reduction in the
level of eIF4E (Fig. 4D, panel ii). Taken together, these data
suggest that the L-myc IRES requires the eIF4F complex for
activity, whereas the N- and c-myc IRESs do not, although the
interaction of eIF4G with eIF4A is necessary for their activity.
The c- and N-myc IRESs are able to function in the absence
of an eIF3-eIF4F interaction. The majority of viral IRESs
require eIF3 for activity, and in some cases, such as the HCV
and classical swine fever virus IRESs, this protein interacts
directly with the RNA (37). Therefore, the eIF4GI replace-
ment system was used to test the requirement of the Myc
family of IRESs for eIF3. HeLa cells were transfected with the
eIF4GI knockdown plasmid and then cotransfected with 4GIf-
eIF3, in which the eIF3 binding site was mutated (Fig. 5A,
panel i), and with the reporter constructs that harbor the three
IRESs (Fig. 5A, panels ii to iv). Rather surprisingly, the data
show that N- and c-myc IRES function was restored by plas-
mids that express eIF4G but lack the eIF3 binding site (Fig.
5A, panels iii and iv). In agreement with these data, the en-
dogenous levels of c-Myc were restored to around 50% with
FIG. 5. (A) HeLa cells were cotransfected with si31 (eIF4G) and either the resistant plasmid (4GIf) or the resistant plasmid harboring a
mutation in the eIF3 binding site. (i) Cell lysates were then immunoblotted to determine the effects on the expression of endogenous c-Myc protein.
As before, a reduction in eIF4G levels resulted in a very large reduction in c-Myc expression, which was partially relieved by transfection with the
recovery plasmid which contained the mutated version of eIF3. (ii to iv) Cells were transfected with si31, 4GIf harboring a mutation in the eIF3
binding site, and the IRES-containing vectors. Luciferase activity was determined and expressed relative to the level of RNA generated from the
vectors. The value obtained in the control cells was set to 100%, and all values are expressed relative to the appropriate control, e.g., pRLsF-eIF4G
activity is expressed relative to that of pRLsF. Black bars denote Renilla luciferase activity, and gray bars denote firefly luciferase activity. The
L-myc IRES activity was not restored with the plasmid which harbors the eIF3 mutant, in contrast to the N- and c-myc IRESs. (B) (i) HeLa cells
were transfected with a plasmid which contained a short hairpin sequence (sheIF3) against the p170 subunit of eIF3 (eIF3a) or a control sequence.
Western blot analysis shows that it was possible to reduce the levels of eIF3a to approximately 20% of the value in the control cells. (ii) HeLa cells
were cotransfected with sheIF3 plasmids and the bicistronic IRES-containing vectors. Luciferase activity was determined, and values are expressed
relative to those for RNAs generated from the reporter vectors. Black bars denote Renilla luciferase activity, and gray bars denote firefly luciferase
activity. The values obtained in the control cells were set to 100%, and all values are expressed relative to those for the appropriate controls. The
data show that IRES activity was reduced in all cases.
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this plasmid, again explained by the fact that c-Myc can be
translated by two distinct mechanisms (44). One explanation
for these data could be that these cellular IRESs require eIF3
for function but that this protein is not recruited via the eIF4F
complex. To investigate this hypothesis, cells were trans-
fected with a short hairpin RNA-expressing plasmid that
reduces the expression of the large subunit of eIF3 (termed
eIF3a or p170) (Fig. 5B, panel i) and then transfected with
the IRES-containing constructs to assess the effect on inter-
nal ribosome entry (Fig. 5B, panel ii). In all cases, IRES
activity was reduced, showing that eIF3 is required for IRES
function (Fig. 5B, panel ii).
The Myc family of IRESs show differences in their depen-
dence on the ternary complex. The ternary complex (com-
prised of eIF2, GTP, and Met-tRNAi) delivers Met-tRNAi to
the 40S ribosome and is essential for cap-dependent transla-
tion. However, it is not required by the cricket paralysis virus
IRES (38), and under some conditions the HCV IRES is also
able to function in the absence of the ternary complex (22). We
therefore tested the role of this complex in Myc family IRES
activity. Cells were transfected with the plasmids which har-
bored the three IRESs and then treated with Salubrinal, which
is a selective inhibitor of complexes that dephosphorylate
eIF2 (Fig. 6A, panel i) (5), or cotransfected with a dominant-
negative mutant of eIF2 to provide two different mechanisms
of eIF2 inhibition (Fig. 6B, panel i, S51D mutant) (40). A
reduction in the activity of all three IRESs was observed in the
presence of both Salubrinal and the dominant-negative version
of eIF2 (S51D), although the N-myc IRES was less affected
than the L- and c-myc IRESs (Fig. 6A, panel ii, and B, panel ii).
DISCUSSION
The scanning ribosome model of translation initiation pro-
poses that the primed 40S subunit with associated initiation
factors and Met-tRNAi first binds to the mRNA close to the 5
cap structure and then migrates in a 5-to-3 direction (21). In
contrast, for internal ribosome entry, the data suggest that a
complex RNA structural element is used to recruit the ribo-
some in the presence of certain eIFs and ITAFs. We recently
identified a group of ITAFs that are required by the Myc
family of IRESs, including PSF, p54nrb, YB1, and GRSF1 (7),
and it was therefore timely to carry out a systematic analysis of
this group of IRESs to identify canonical eIFs that are also
required for their activity. Interestingly, our data show that
there are some similarities between the members of this group
of IRESs and viral IRESs in their requirement for canonical
initiation factors. There are two major isoforms of eIF4G in
mammalian cells, namely, eIF4GI and the homologue
eIF4GII, which shares 46% identity, and a functionally related
protein termed death-associated protein 5 (DAP5) which is
able to replace eIF4G under certain cellular conditions (e.g.,
endoplasmic reticulum stress) (24). However, the data shown
suggest that all three IRESs are dependent upon eIF4GI for
FIG. 6. (A) HeLa cells were transfected with the IRES-containing plasmids and then, after 24 h, exposed to 75 M Salubrinal. (i) Western blot
analysis was performed to confirm that exposure of cells to this compound causes a net increase in phosphorylation of the alpha subunit of eIF2.
(ii) Cells were lysed, and luciferase activity was determined and shown as the percentage of luciferase produced from treated cells compared to
the amount produced from the control cells, which was set at 100%. Black bars denote Renilla luciferase activity, and gray bars denote firefly
luciferase activity. Assays were performed in triplicate on at least three independent occasions. The data show that the N-myc IRES is less sensitive
to the effects of Salubrinal than the L- and c-myc IRESs. (B) The IRES-containing plasmids pRLsF, pRNF, and pRMF were cotransfected into
HeLa cells with pcDNA3.1eIF2S51D or -A (which harbors a constitutively active or dominant-negative version of eIF2) or pcDNA3.1. (i)
Western blot analysis was performed to show that these proteins were expressed. (ii) The data are presented as percentages of luciferase produced
from control cells (pcDNA3.1) relative to the amount produced from the IRESs in cells transfected with the mutant plasmids (S51D and S51A).
Assays were performed in triplicate on at least three independent occasions. Black bars denote Renilla luciferase activity, and gray bars denote
firefly luciferase activity.
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activity and that a reduction in eIF4GI levels correlates with a
decrease in the amount of firefly luciferase that is produced by
the IRES, particularly compared to the smaller decrease in
Renilla luciferase activity (Fig. 2 to 4). However, the IRESs
differ since only the L-myc IRES requires full-length eIF4GI
and eIF4E (Fig. 2 and 4) for function and is similar in this
regard to the IRES found in hepatitis A virus (1). In contrast,
the c- and N-myc IRESs are similar to the EMCV IRES, as
they require the C-terminal domain of eIFGI to which eIF4A
is bound (Fig. 2 and 4) (25, 33). In the case of the EMCV
IRES, both eIF4GI and eIF4A are required to bring about
conformational changes in the RNA near the ribosome bind-
ing site (20), and it is possible that these proteins function in a
similar manner on the c- and N-myc IRESs.
The results suggest that all three IRESs require eIF3 for
activity (Fig. 5), in agreement with recent data which identified
subunits of eIF3 in purified 48S complexes assembled on c-myc
IRES RNA (46). However, since no effect was observed on the
activities of the c- and N-myc IRESs with the constructs that
contained the mutated eIF3 binding site on eIF4G, yet their
activity was decreased following transfection of cells with
siRNA specific to a subunit of eIF3, our data could suggest that
the c- and N-myc IRESs are similar to certain viral IRESs, such
as that of HCV, in that eIF3 is recruited directly to the RNA
(10, 19). However, further work is required to investigate this
interaction.
In vitro data have shown that the c-myc IRES requires a
poly(A) tail for activity, but not PABP (45, 46), which would
appear to differ from the in vivo data shown herein. However,
these different findings are not mutually exclusive considered
in conjunction with data which show that the c-and N-myc
IRESs are fully active with the C-terminal domain of eIF4GI
which lacks the PABP binding site yet are inhibited by NSP3
(Fig. 2B, panel vii). Moreover, it has been suggested that major
conformational changes occur when eIF4G is part of the eIF4F
complex, since this protein is a relatively poor substrate for
either the L protease from foot-and-mouth disease virus (32)
or the rhinovirus 2A protease (11) yet it is readily cleaved when
present as part of the eIF4F complex. Therefore, we suggest a
model where eIF4GI is in a conformationally inactive closed
state when not bound to PABP (Fig. 7A, panel i) and where
binding of NSP3 to the N-terminal domain of eIF4G locks the
protein in this inactive state (Fig. 7A, panel ii). The L-myc
IRES, which requires the eIF4F complex for function, is active
only with full-length eIF4G to which PABP is bound (Fig. 7B,
panel i), but c- and N-myc IRESs are able to function with a
complex where PABP has altered the conformation of eIF4G
to an open state (Fig. 7B, panel ii) or with the C-terminal half
of eIF4G, which by its nature is already in the open state (Fig.
7B, panel iii).
The data show that all three IRESs, like the majority of viral
IRESs, require the ternary complex for activity, although the
N-myc IRES appeared to be less affected than the L- and c-myc
IRESs by a reduction in the amount of ternary complex (Fig.
6). This could be related to the apparent difference in the
mechanism of ribosome recruitment to the N-myc IRES (Fig.
3; see Fig. S2 in the supplemental material).
Overall, we show that different cellular IRESs, even those
from closely related genes, have different requirements for
components of the canonical translation initiation machinery.
It will be interesting to extend these studies further to other
cellular IRESs.
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